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Abstract

The pathogenesis of dengue virus infection is attributed to complex interplay between virus, host genes and host immune
response. Host factors such as antibody-dependent enhancement (ADE), memory cross-reactive T cells, anti-DENV NS1
antibodies, autoimmunity as well as genetic factors are major determinants of disease susceptibility. NS1 protein and anti-
DENYV NSI1 antibodies were believed to be responsible for pathogenesis of severe dengue. The cytokine response of cross-
reactive CD4+ T cells might be altered by the sequential infection with different DENYV serotypes, leading to further elevation
of pro-inflammatory cytokines contributing a detrimental immune response. Fcy receptor-mediated antibody-dependent
enhancement (ADE) results in release of cytokines from immune cells leading to vascular endothelial cell dysfunction and
increased vascular permeability. Genomic variation of dengue virus and subgenomic flavivirus RNA (sfRNA) suppressing
host immune response are viral determinants of disease severity. Dengue infection can lead to the generation of autoanti-
bodies against DENV NSlantigen, DENV prM, and E proteins, which can cross-react with several self-antigens such as
plasminogen, integrin, and platelet cells. Apart from viral factors, several host genetic factors and gene polymorphisms also
have a role to play in pathogenesis of DENV infection. This review article highlights the various factors responsible for the
pathogenesis of dengue and also highlights the recent advances in the field related to biomarkers which can be used in future
for predicting severe disease outcome.

Introduction

Dengue infection is a major public health problem and has
been reported from the Americas, Africa, Southeast Asia,
Europe, Western Pacific, and Eastern Mediterranean regions.
This arboviral disease is found to be endemic in more than
100 countries and around 96 million infected individuals are
symptomatic with varying levels of severity [1, 2]. Dengue
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is one of the leading causes of significant morbidity and eco-
nomic burden in different regions across the world including
Southeast Asia and the Indian subcontinent [3].

Dengue is a mosquito-borne Flavivirus infection, primar-
ily transmitted by Aedes aegypti followed by Aedes albopic-
tus mosquito and other species of genus Aedes [1, 4]. There
are four serotypes of dengue virus which are antigenically
distinct namely DENV-1, DENV-2, DENV-3, and DENV-4
[5]. A fifth serotype (DENV-5) has been detected using
isolation and genetic sequence analysis in Sarawak state of
Malaysia in October 2013 [6].

The incubation period of dengue virus infection is
4-7 days. The disease spectrum ranges from asymptomatic
infection and moderate febrile illness (dengue fever) to more
serious manifestations such as dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS) [7]. The most
severe clinical syndrome can manifest in the form of den-
gue shock syndrome (DSS), which also includes coagulation
abnormalities, plasma leakage, and increased vascular fra-
gility. The fluid loss due to increased capillary permeabil-
ity leads to hypovolemic shock and multi-organ failure [8].
Every year, dengue virus infection results in approximately
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20,000 deaths especially among secondary dengue cases
associated with DHF/DSS [8, 9].

Till 2008, dengue was classified according to 1997 WHO
classification criteria into dengue fever, dengue hemorrhagic
fever (DHF), and dengue shock syndrome (DSS) [10]. The
current revised WHO 2009 case classification system cat-
egorizes symptomatic cases into dengue without warning
signs, dengue with warning signs, and severe dengue [11,
12].

The pathogenesis of dengue virus infection and severe
dengue manifestations is very complex and not completely
understood. The pathophysiological hallmark of DHF/DSS
is plasma leakage and deranged hemostasis. Even after being
aware of plasma leakage in dengue since the last five dec-
ades, the clear-cut mechanism of this manifestation stills
remains obscure [13]. The statement that the human immune
response plays a key role in the pathogenesis of the dis-
ease is favored by the fact that DENV infection displays the
most severe form when the virus is being cleared by the host
immune system and not with the peak viral load [14].

Various studies have been carried out across the world
emphasizing the role of several factors implicated in the
pathogenesis of dengue in humans. Despite a plethora of
literature available on the pathogenesis of dengue fever,
there are still some gaps in our knowledge, which represent
a critical challenge in understanding the concepts of disease
pathogenesis and severe manifestations.

The present article reviews the current concepts of the
various mechanisms involved in the pathogenesis of dengue
virus infection and gives a comprehensive overview of the
multiple factors responsible for severe clinical manifesta-
tions of the disease. This review article also gives a brief
insight into the recent advances and research in dengue
pathogenesis and the role of various biomarkers as early
predictors of dengue disease severity.

Pathogenesis of Dengue

The four dengue virus serotypes (DENV 1-4) have a 65-70%
nucleotide sequence homology and are closely related [15].
Primary infection is defined as the initial or first infection
with a certain serotype. Most of primary infections are
usually asymptomatic or manifest as a mild febrile illness,
although they can also cause hemorrhagic fever in some
patients, especially in infants born to DENV-immune moth-
ers. Subsequent infection with a different serotype is known
as secondary dengue infection and may lead to severe clini-
cal manifestations such as dengue hemorrhagic fever (DHF)
or dengue shock syndrome (DSS) [16-18].

After an infection with a particular serotype, an individual
is immune to re-infection with the same serotype. However,
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infection with a different serotype can occur subsequently,
as the heterologous immunity is short-lived. Based on many
cohort studies, the heterotypic protective immunity gradu-
ally wanes in 1 or 2 years subsequently [19].

The pathogenesis of dengue was attributed to various
viral and host factors such as non-structural protein 1 (NS1)
viral antigen, DENV genome variation, subgenomic RNA,
antibody-dependent enhancement (ADE), memory cross-
reactive T cells, anti-DENV NS1 antibodies and autoim-
munity. The severe dengue manifestations in humans are
mainly ascribed to the synergistic effect of all the above-
mentioned factors.

These various factors which play a role in the pathogen-
esis of dengue virus infections are shown in Fig. 1. Clinical
and epidemiological studies report the association of sec-
ond heterotypic dengue infections as well as primary dengue
infections in infants of dengue-immune mothers with dengue
vascular permeability syndrome (DVPS) [20-22].

Role of Non-structural Protein 1 (NS1) Viral Antigen

Dengue virus genome encodes for three structural proteins
(C, prM (M), and E) and seven non-structural (NS) pro-
teins (NS1, NS2a, NS2B, NS3, NS4a, NS4B, and NS5).
The most important non-structural protein which has been
implicated in the pathogenesis of dengue viral infections is
NS1 [23]. Multiple oligomeric forms exist in humans which
are found both on the cell surface (m-NS1) and as a soluble,
secreted lipoparticle (s-NS1) [24]. During the acute phase of
the disease, the levels of s-NS1 are particularly high, which
correlates with the disease severity [25, 26]. DENV NSI1
antigen was observed to be a major factor causing disruption
of endothelial cell monolayer integrity as this protein has
a direct action on vascular endothelium. Dengue NS1 can
cause disruption of endothelial cell monolayer integrity by
eliciting inflammatory cytokine production due to activation
of macrophages and human peripheral blood mononuclear
cells (PBMCs) through Toll-like receptor 4 (TLR 4) [8, 27].
It has been observed in mouse model experiments that the
endothelial permeability was increased by DENV NS1 in a
dose-dependent manner. Moreover, endothelial permeability
returned to normal after administration of anti-NS1 anti-
bodies. NS1 also induces shedding of heparan sulfate pro-
teoglycans, which leads to the disruption of the endothelial
glycocalyx layer in human pulmonary vascular endothelial
cells and resulted in loss of sialic acid from cell surface. All
these factors contributed to the increase in vascular perme-
ability by direct action of NS1 antigen [28].

Meanwhile, NS1-mediated release of inflammatory
cytokines from immune cells also contributes to endothelial
hyperpermeability and vascular leak [27, 29]. DENV NS1
can directly trigger complement activation by the alternative
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Fig.1 Complex interplay of viral and host factors in pathogenesis of dengue virus infection

pathway, targeting liver cells which leads to the stimula-
tion of inflammatory cytokines. This subsequently leads to
plasma leakage and accumulation of fluid in third space,
ultimately causing dengue shock syndrome [30].

Dengue NS1 causes complement activation which is a
host defense mechanism against the infection. It helps in

opsonization of viral particles. The end result of complement
activation is the lysis of target cells through the assembly of
the membrane attack complex (MAC), which is composed
of complement proteins C5b-C9. This The C5b-C9 complex
can stimulate robust expression of inflammatory cytokines
that are associated with DHF development. C5b-C9 complex
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formation which is often associated with DHF has been
found to have a significant association with DENV NS1
levels. The activation of complement also generates ana-
phylatoxins C5a and C3a, which also play a significant
role in the inflammatory process [8, 31]. Moreover, it has
also been seen that the gene expression of the complement
inhibitor CD59 was upregulated more strongly in peripheral
blood mononuclear cells (PBMCs) from non-severe den-
gue patients than in DHF patients [32, 33]. Furthermore, it
has also been observed the anti-DENV antibodies activated
complement on the surface of endothelial cells resulting in
membrane attack complex formation [33, 34].

DENV NS1-mediated activation of cathepsin L/hepara-
nase pathway and endothelial sialidases may lead to disrup-
tion of the endothelial glycocalyx-like layer (EGL) in vitro,
which was corroborated by the finding that inhibition of
these enzymes is sufficient to prevent vascular leak induction
by DENV2 NS1 [35]. Chen et al. reported that macrophage
migration inhibitory factor (MIF) is secreted due to DENV
NS1, which might induce autophagy in human endothelial
cell line [8, 36].

Few studies have reported augmented DENV NS1 lev-
els in the development of DHF/DSS. DENV NS1 antigen
was also reported to be persisting for a longer duration in
patients with vascular leakage, leading to the manifestations
of severe dengue [37-39]. In contrast, few studies also report
that DENV NS1 levels were similar in primary and second-
ary dengue irrespective of the severity [40].

Despite the numerous gaps in our knowledge and inad-
equate comprehension of the basic structure and function
of DENV NS1, many studies have shown that intracellular
NS1, co-localizing with dsRNA, plays an essential cofac-
tor role in viral replication [25, 41, 42]. However, the pre-
cise nature of its cofactor function is yet to be elucidated
[43]. The intracellular NS1, in its dimeric form, along with
other non-structural proteins and viral RNA are targeted
towards the endoplasmic reticulum (ER), which leads to the
formation of a replication complex (RC) from ER-derived
membrane structures called Vesicle Packets (VPs). These
replication complexes play an important part in active viral
replication, as the viral replication happens in these com-
plexes [44]. In a study by Mackenzie JM et al., the subcellu-
lar localization of NS1 was investigated both by immunoflu-
orescence and cryo-immunoelectron microscopy of infected
Vero and C6/36 cells. They demonstrated that both NS1 and
dsRNA probes colocalized with vesicle packets in infected
Vero cells and virus-induced vacuoles in infected C6/36
cells. It is possible that NS1 may fulfill a structural function
in the vesicles that comprise the replication complex, thus
suggesting a possible role of NS1 protein in DENV genome
replication [45].

In a study by Libraty et al. comprising only DENV-2
patients, mean plasma levels of NS1 were found to be higher

@ Springer

in DHF patients than that of DF patients on the third day of
illness and trended even higher fifth day [46]. Duyen et al.
had demonstrated that the NS1 kinetics varied markedly by
serotype and immune status.

A considerably higher NS1 concentration was observed
in DENV-1 infection than in DENV-2 infections and a rapid
decrease in NS1 concentration in secondary infection than
in primary infection from the fifth day of illness was noted.
This might be a result of early IgG response in secondary
DENY infections leading to immune complex formation,
resulting in severe clinical manifestations [47]. The rea-
son for higher NS1 levels in DENV-1 than that in DENV-2
infections is not completely clear and it does not imply that
DENV-1 infections are more severe than DENV-2 infections.
These intra-serotypic differences in NS1 levels cannot be
completely explained and have to be multifactorial.

In a study by Cruz-Hernandez et al., it was demonstrated
that in patients with DENV-1 infections, higher NS1 levels
were associated with DHF than those with DF. However,
these findings were not found in patients with DENV-2
infections [48]. Meanwhile, contrasting results were demon-
strated by Fox et al., who observed statistically insignificant
association between NS1 and DHF [49]. The inconsistent
results in these studies might be attributed to the different
population, different geographical region and on the sample
size.

Anti-DENV NS1 Antibodies and Autoimmunity

Apart from NS1 protein, anti-DENV NS1 antibodies were
believed to be responsible for pathogenesis of severe den-
gue. A major factor that is considered responsible for severe
dengue pathogenesis is disorganized release of cytokines.
Several cytokines and chemokines are secreted by the human
endothelial cells, in response to anti-DENV NS1 antibodies.

The importance of the role played by anti-NS1 antibody
mediated immune response in the development of manifesta-
tions of severe dengue cannot be undermined [8]. Lin et al.
demonstrated that in addition to cell apoptosis, anti-DENV
NS1 stimulation resulted in immune activation in endothelial
cells. It has been suggested that anti-NS1 antibodies bind to
GPI-anchored NS1 proteins on cell membranes, resulting
in activation of cellular signal transduction pathways and
tyrosine phosphorylation of cellular proteins. DENV NS1
antibodies, in a NF-kB-dependent manner, can stimulate the
release of numerous inflammatory mediators [50]. These
include MCP-1, IL-6 and IL-8. It has been observed that ele-
vated levels of IL-6 and IL-8 correlated with clinical mani-
festations of DHF, and endothelial cells infected with DENV
induced IL-6 and IL-8 production. In the study by Lin et al.,
it was shown that MCP-1 production by endothelial cells was
enhanced after anti-DENV NS1 antibody stimulation. MCP-
1-mediated elevation of ICAM-1 expression and facilitation
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of leukocyte transmigration have been suggested [51-53].
Results in this study showed that MCP-1 up-regulated
ICAM-1 expression in anti-DV NS1-treated HMEC-1 cells.
Endothelial cell activation followed by elevated expression
of ICAM-1 may contribute to the adherence of immune cells
to endothelial cells in the inflammatory responses associated
with dengue disease pathogenesis.

In a study by Mehta VK et al., it was observed that
serum and CSF levels of IL-6 and IL-8 were significantly
higher in dengue patients with neurological manifestations
as compared to controls [54]. In another study, the levels
of IL-6 and IL-8 were found to be significantly higher in
DHF cases as compared to that in DF cases. The levels of
IL-8 seemed to be more relevant to DHF pathogenesis, as
it also correlated with thrombocytopenia and raised alanine
transaminase (ALT) [55]. IL-6, being a pro-inflammatory
cytokine, plays a significant role in pathogenesis of severe
dengue infection, along with other cytokines such as IL-1
and TNF-a. IL-8 levels were also observed to be increased
in patients of DHF. In a study, more than 50% patients of
DHF who died had IL-8 levels above 200 pg/ml. IL-8 may
also be responsible, in part, for the intravascular coagula-
tion seen in DHF patients [7]. These findings suggest an
important role of these cytokines in increasing the severity
of disease and death.

Liver damage is a vital manifestation of severe dengue
disease and it is postulated that anti-DENV NS1 antibod-
ies might also have a role to play. This can be proved by
actively immunizing mice with DENV NS1 or passively
administering anti-DENV NS1 antibodies and demonstrat-
ing a hepatitis-like pathogenic effect [51, 52].

In a mouse model study carried out by Lin C-F et al., it
was demonstrated that anti-DENV NS1 antibodies bound to
vascular endothelium in the portal and central veins of naive
mouse liver. In this study, various pathological changes
were seen in histological examination of the liver tissues of
DENYV NS1-immunized mice, which included hepatic fibro-
sis, fatty liver, cell infiltration, necrotic body, and vesicle for-
mation. It was also observed that serum AST and ALT levels
were much higher in mice administered anti-DENV NS1
IgG. Liver tissue sections from mice passively immunized
with anti-DENV NS1 showed antibody deposition in vas-
cular endothelium and increase of infiltrated mononuclear
phagocytic cells, which may be responsible for liver injury
[52]. There can be multiple causes of liver injury in cases
of dengue hemorrhagic fever. Liver histopathology in fatal
cases of DHF has revealed that hepatocytes and Kupffer cells
may be the target cells for viral replication and an apoptotic
mechanism may be involved [52, 53]. Cell apoptosis and
inflammatory activation are the two major responses caus-
ing anti-DV NS1-induced endothelial cell damage. Autoanti-
body-induced endothelial dysfunction may also contribute to
hepatic inflammation. Anti-DENV NS1 antibodies induced

endothelial cell apoptosis by a Nitric Oxide (NO)-regulated
pathway. Antibodies against DENV NS1 generated in mice
cross-reacted with human endothelial cells and mouse vessel
endothelium. After binding, mouse anti-NS1 Abs induced
endothelial cell apoptosis in a caspase-dependent manner
[56].

Molecular mimicry and autoimmunity have been demon-
strated in Coxsackievirus and Epstein-Barr virus infections.
Similarly, autoantibodies have also been associated as a sig-
nificant factor involved in dengue virus pathogenesis [51]. In
some recent studies, anti-NS1 antibodies were seen to result
in autoimmunity, thus contributing to the development of
severe dengue [8]. There are numerous self-antigens, which
are known to exhibit sequence homology with DENV NS1
protein. Apart from DENV NS1, molecular mimicry has also
been reported with other proteins such as DENV prM and
E proteins, elucidating the cross-reactivity of the antibody
against these antigens too [51]. Meanwhile, the autoantibod-
ies, thus induced, can cross-react with several self-antigens,
which include plasminogen, integrin, and platelet cells [8,
24, 57, 58]. Furthermore, stimulation of nitric oxide (NO)
expression contributes to macrophage activation, endothe-
lial cell lysis, and platelet aggregation causing apoptosis of
endothelial cells, leading to thrombocytopenia, coagulopa-
thy, and vascular leakage in severe dengue [59, 60].

Studies have shown that in patients of DHF/DSS, the lev-
els of antiplatelet and anti-endothelial cell antibodies were
found to be much higher than that in DF patients. Many
studies have also demonstrated that IgM exhibits higher
cross-reactivity than IgG against platelets and endothelial
cells in DHF patients [51]. The role of anti-NS1 antibod-
ies in autoimmunity during dengue virus infection has been
proposed in vitro and in animal studies but its contribution
in dengue patients is still not clearly proven due to lack of
sufficient data.

DENV Genome Variation and Subgenomic RNA

Severe dengue disease has been associated with all the
four DENV serotypes. However, due to genetic differences
between various DENV genotypes, each genotype has a
difference in virulence as well as epidemic potential. This
contributes to the development of severe clinical disease by
few genotypes and strains [61, 62]. The year 1981 saw the
emergence of the first outbreak of DHF in the Americas
caused by DENV-2 Southeast Asian genotype, although the
indigenous DENV-2 genotype was already present there for
a long time. This evidence is sufficient to prove that DENV-2
Southeast Asian genotype is more virulent and replicates at
a higher titer than the indigenous American DENV-2 geno-
type, thus leading to severe disease [63, 64].

In a study done by Cologna et al., it was demonstrated
that the Southeast Asian genotype of DENV has a more
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efficient replication in the primary target cells, i.e., the
immature dendritic cells which reside in the epidermis.
This provides it a selective advantage over viruses of
lower pathogenic potential, and it is known that higher
viremias are more commonly associated with DHF [65,
66]. The generation of negative-strand RNA during early
infection may determine higher virus output. This leads to
an increase in genomic RNA and the number of secreted
infectious viral particles. Thus, the Southeast Asian
viruses are better adapted for production of virus progeny,
independent of the number of cells they infect. This may
explain the abilities of Southeast Asian viruses to replicate
in the human body and infect the mosquito, thus initiating
the cascade of events responsible for DHF in humans, and
to be transmitted at much higher rates than the American
counterpart in mosquitoes [66]. Phylogenetic studies on
various genotypes of DENV-2 demonstrated that the native
American genotype was associated with mild disease,
whereas the introduction of Southeast Asian genotype in
four different countries coincided with the appearance of
DHEF [67, 68]. In another study done in Peru, where from
1993 to 1997, no DHF cases were detected despite sec-
ondary infection rates of up to 75% and it was seen that
there was no imported case of Southeast Asian genotype of
DENV-2 [69]. Moreover, Anderson JR et al., demonstrated
that viral replication in midgut was significantly higher in
Southeast Asian genotype as compared to the American
genotype infected A. aegypti mosquitoes. This higher rep-
lication in mosquitoes most likely contributes to increased
dissemination of the particular genotype [64].

During the Cuban dengue epidemic in 1981 and 1997,
there was an upward trend in case fatality rates towards the
later part of the epidemic, thus leading to the conclusion
that during the epidemic, infecting DENV might become
more virulent and infective through transmission in hosts [8,
70-74]. Similar findings were also observed in the Towns-
ville, Australia epidemic in 1992, thus proving the intra-
serotypic evolutionary trend of epidemic DENV strains [72,
75]. In the DENV-2 outbreak in Cuba in 1997, analysis of
six full genome sequences was carried out in a study and it
was demonstrated that five consistent nucleotide changes
in NS1, NS2A, and NS5 genes were present between early
viruses when the number of cases was small, and late in the
course of the epidemic when there was an increase in the
number of total and DHF cases [72, 76]. Rodriguez-Roche
R et al., performed a study on the 1997 Cuban outbreak
of DENV infection. They demonstrated a month-by-month
increase in clinical severity during secondary dengue infec-
tions. Some changes in the NS1 gene were observed that
correlated with the observed rapid increase in disease sever-
ity, most notable of which was the substitution of threonine
with serine at position 164 in NS1 protein. This change in
NS1 gene may have resulted in increased viral fitness, due
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to changes in replication efficiency, thus leading to increased
disease severity [73].

Chen HL et al., in their study done in Taiwan, examined
viral sequences continuously at different time points during
two outbreak of 2001 and 2002. They demonstrated that the
2002 viruses originated from a minor variant of the 2001
viruses. This proves that DENV may evolve via drift from
existing minor variants in the population [72].

Duyen HT et al. reported that DENV-1 viremia levels
were consistently higher in primary infection, in contrast to
higher viremia levels of DENV-2 and DENV-3 observed in
secondary infections. This suggests a distinctive behavior
of DENV-1 serotype from others, which leads to high viral
loads in the absence of pre-existing antibody. Meanwhile, in
DENV-2 and DENV-3 infections, a heterologous immune
response appears crucial for the development of high viral
loads [47]. The same study also demonstrated that higher
viral load on third day of illness was an independent predic-
tor of higher haemoconcentration [47].

In a study by Yung C et al. in Singapore, it was demon-
strated that infection with DENV-1 carries a higher risk of
severe dengue as compared to DENV-2 [77]. This associa-
tion was seen to be statistically significant. However, con-
flicting results were obtained in study by Vicente CR et al.
in Brazil, who observed higher proportion of severe dengue
cases among DENV-2 patients than that in DENV-1 [78].
The reasons for such contradictory findings in studies can
be attributed to variable immune response due genetic dif-
ferences in the study population.

Wang et al. revealed that in comparison to patients with
DF, the levels of dengue virus RNA were significantly
higher in DHF patients. The same study also demonstrated
that dengue virus RNA remains in plasma for up to 6 days
after defervescence in DHF patients, thus suggesting that
viral RNA has a major role to play in the pathogenesis of
severe dengue [79]. It might also indicate that high viral
load persisting after defervescence may serve as a marker
for DHF. These results explain the significance of viral fac-
tors and provide an insight into the pathogenesis of dengue
[46, 79, 80].

Variation in DENV genome is not the only factor con-
tributing to the pathogenesis of severe dengue, but the sub-
genomic flavivirus RNA (sfRNA) also has a major role to
play in DENV replication in human host cells. sfRNA is
generated when DENV RNA genome (11 kb) is incom-
pletely broken down into small RNA (0.3-0.5 kb) by host
exoribonuclease, during replication [8, 81-83]. This sfRNA
accumulates and suppresses the host antiviral immune
responses, particularly the type-1 IFN signaling [8, 84]. It
may also cause immune evasion and lead to severe dengue
by altering host mRNA stability [8, 85, 86].

Manokaran G et al., demonstrated that sSfRNA has the
ability to interact with proteins, thus inhibiting translation
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of interferon-stimulated genes. It was suggested that IFN-f
suppression is most likely to be due to specific sfRNA—pro-
tein interactions. They also showed that the non-coding
RNA of flaviviruses bind to and inactivate RNA-binding
proteins, which are critical for innate immunity. Reduced
IFN responses due to sfRNA may also lead to viral spread
in susceptible cells in humans and to reach viremia levels
sufficient for further mosquito-borne transmission [84]. In
another study done by Chang RY et al. on Japanese Enceph-
alitis virus (JEV), they demonstrated that sSfRNA has a role
in establishing persistent infection. They also showed that
sfRNA reduced IFN-f promoter activity and IFN-f mRNA
levels. It also leads to reduced phosphorylation of interferon
regulatory factor-3 (IRF-3), the IFN-p upstream regulator,
and blocked roughly 30% of IRF-3 nuclear localization.
Moreover, JEV-infected sfRNA transfected cells produced
23% less IFN-B-stimulated apoptosis than mock-transfected
groups did. These findings suggest that sSfRNA plays a role
against host cell antiviral responses, prevents cells from
undergoing apoptosis, and thus contributes to viral persis-
tence [87].

RNA interference (RNAI) is an important host defense
mechanism against viral infections. In addition to the role of
NS4B in interfering with RNAi pathways, sf RNA also has
arole to play. It interacts with the Dicer protein and inhibits
cleavage of dsRNA to small interfering RNA (siRNA) [88].
DENYV sfRNA binds to Tripartite motif-containing pro-
tein 25 (TRIM25) and inhibits the ubiquitination-mediated
RIG-I activation, which subsequently suppresses IFN pro-
duction [89].

Role of Antibody-Dependent Enhancement (ADE)

There is enough evidence to prove that heterotypic second-
ary dengue infection has an increased risk for DHF/DSS
than the primary infection [17]. Studies have revealed that
infection in an infant with a serotype which is different than
its infected mother, also carries an increased risk of severe
dengue disease. This may occur in epidemic settings where
mothers have experienced two or more dengue infections
and their infants are at risk to severe and fatal dengue infec-
tions with any one of the four serotypes. This group com-
prises at least 5% of all children hospitalized for dengue in
Southeast Asian countries [90, 91]. Some researchers have
hypothesized that this increased risk is due to the antibodies
produced as a result of primary infection, which are unable
to neutralize the virus in the heterotypic secondary infection.
This phenomenon has been called as antibody-dependent
enhancement (ADE), which was first observed in 1973,
when a comparatively rapid growth of DENV was seen in
cultures of PBMCs obtained from dengue-immune individu-
als in contrast to non-immune individuals [92-95].

However, the mechanism of this was unknown. Later, this
phenomenon was verified to be mediated by dengue anti-
bodies, which were unable to neutralize the dengue virus
[93, 96]. An enhancement of viral replication by more than
100-fold was observed when rhesus monkeys were passively
immunized with anti-DENYV antibodies before inoculation
of virus [8, 97, 98].

The phenomenon of ADE in dengue virus infection was
documented in the Cuban epidemic of 1977-79, 1981, and
1997. The predominant circulating serotype in these epidem-
ics was DENV-1 in 1977-79 and DENV-2 in 1981 as well
as 1997. During the 1997 outbreak, more than 200 cases
of DHF/DSS were reported among adults above 15 years
of age. Most of these cases were previously infected with
DENV-1 serotype during the epidemic of 1977-79. More-
over, people who had been infected with DENV-1 during
the 1977-79 outbreak followed by DENV-2 in 1997 had a
3—4-fold increased likelihood of developing severe disease
than those secondarily infected with DENV-2 in 1981. This
scenario can be explained by the presence of neutralizing
heterotypic IgG antibodies in sufficient titers in 1981. The
viral titers might have fallen by to the point where they no
longer provided significant cross-protective immunity [99,
100].

The phenomenon of antibody-dependent enhancement is
not only seen in dengue virus infection, but it has also been
found to be associated with several other viral infections
such as influenza, enteroviruses, etc. [8, 101, 102]. In spite
of numerous studies, the exact mechanism of ADE remains
incompletely understood. A subsequent heterotypic dengue
infection after a primary infection may lead to the cross-
reactive non-neutralizing pre-existing antibodies binding
to the virus but not being able to neutralize it, thus form-
ing virion-antibody immune complexes. This facilitates the
uptake of virus-immune complexes into the phagocytes after
being recognized by Fcy receptor, leading to amplification in
viral replication. This increase in viral load starts an immu-
nopathogenic cascade, ultimately leading to vascular leak
and manifestations of severe dengue infection [13, 103].

In addition to the Fcy receptor-mediated amplification
in viral replication, the other mechanism proposed for the
enhancement of viral replication is known as intrinsic ADE.
This hypothesis suggests that internalization of DENV,
through Fcy receptor, inhibits antiviral genes by suppress-
ing the type-1 IFN-mediated antiviral responses. At the
same time, enhanced production of IL-10 skews the immune
response towards Ty-2, which has limited antiviral effect and
is unable to clear the virus [51, 104, 105]. Furthermore, Fcy
receptor-mediated ADE causes release of cytokines from
immune cells leading to vascular endothelial cell dysfunc-
tion and increased vascular permeability [106, 107].

Katzelnick et al. performed a cohort study in pediat-
ric population in Nicaragua and used multiple statistical
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approaches to analyze the observations. The association
between pre-existing anti-DENYV binding antibodies and
dengue disease severity was evaluated in the study. This
study was conducted in children aged 2-14 years and
8002 cohort participants (6684 included in study who had
at least one DENV-AD titer measurement) were included.
Anti-DENV antibody (DENV-AD) titres were measured in
paired annual samples using an inhibition ELISA (iELISA)
method. As the children reached 15 years of age, they were
removed from the study and new 2-year-old children were
included. A peak enhancement titer was observed, which
implied that DENV infection was enhanced at a specific
antibody concentration (DENV-Ab titer 1:21 to 1:80). Anti-
body concentrations lower than that specific level failed to
enhance the infection, whereas a higher antibody concentra-
tion was able to neutralize the virus [103]. The hazard of
severe dengue was observed to be similar in children with no
(DENV-naive) or high (> 1:1280) DENV-AD titres. Further,
severe secondary dengue cases each with five matched con-
trols were studied and a similar peak enhancement titer was
observed at DENV-AD titres of 1:21 to 1:80, with reduced
odds ratios at lower and higher DEN-AD titres. This finding
was corroborated by the safety and efficacy trials of tetrava-
lent dengue vaccine (CYD-TDV), which showed that the
vaccine protected partially against severe dengue disease
and hospitalization for at least 5 years in individuals who
had previous exposure to dengue before the vaccination. In
contrast, higher risk of severe disease was observed in vac-
cinated individuals who had not been exposed to dengue
previously [108].

Some studies have also shown that the ‘enhancing vac-
cine concept’ is not consistent and sustained [109, 110]. In
spite of this, regional health organizations have concluded
that it is premature to recommend application of the vaccine
in a routine vaccination program because of the probable
risk of severe illness through immune potentiation in age
groups with higher seronegative proportions [110, 111].

Till date, demonstration of protective neutralizing anti-
bodies to DENV was the only interest to dengue vaccine
manufacturers. However, a reassessment of this assumption
needs to be carried out due to the recent evidence of dengue
vaccine mimicking a primary infection, leading to a possible
vaccine-enhanced dengue disease in subsequent infection
[109]. A vaccine that induces antibody titers at, or near, the
peak enhancement titer, may place the vaccinees at a greater
risk of severe dengue than if they had never been vaccinated
[103, 112].

Role of T Cells

Various studies have implied that cross-reactive T cells,
which are active during secondary heterotypic infections,
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play a role in mediating the pathogenesis of DHF [16]. The
T cells, which are activated due to antigen exposure, are
more abundant in early convalescence in patients with severe
dengue as compared to those with milder disease [113].

The CD8+ T cell epitopes are primarily found in the
non-structural proteins NS3 and NS5 [113, 114]. Activated
CD8+ T cells in a heterologous secondary DENYV infection
showed high cross-reactivity and were found to be ineffi-
cient at clearing the newly infective virus serotype, owing to
low avidity [30]. In DHF patients, higher levels of cytokines
and chemokines are produced by activated DENV-specific
cross-reactive T cells, which suggests a positive association
between cross-reactive T cell activation and the severity of
dengue-associated disease [39, 115, 116].

IL-10 may play an important in DENV pathogenesis, as it
exhibits pleiotropic effects in immunoregulation and inflam-
mation. It has been seen that IL-10 levels are higher in DHF/
DSS patients as compared to DF patients. There is some
speculation regarding the relationship between IL-10 and
viral replication, and the most probable role of IL-10 may
be due to inhibition of antiviral IFN response.

The main cells which produce IL-10 are monocytes/mac-
rophages, type 2 T-helper cells, and CD4tCD25"Foxp3™*
regulatory T cells. In has been observed that in acute den-
gue infection, there is presence of increased frequencies of
CD4*CD25"e" regulatory T cells. It has also been demon-
strated that IL-10 is induced only in ADE infection, but not
in DENV infection alone. It implies that DENV and ADE
co-regulate IL-10 production, which is increased DHF/DSS
patients. Extrinsic ADE infection contributes to a high rate
of viral infection in Fcy receptor-bearing cells, whereas the
intrinsic ADE effect via IL-10 suppresses the activation of
the IFN-mediated antiviral response.

NF-xB is critical for TLR-mediated antiviral IFN
responses, pro-inflammatory activation, production of IL-2,
IL-12, TNF-a, and IFN-y, and expression of MHC class
IT antigens and co-stimulatory molecules, which is blocked
by IL-10. Increased production of IL-10 also inhibits the
action of antiviral NK cells during the immune response to
DENV infection. These mechanisms may be responsible for
prolonging viral infection and inhibiting IL-10 might facili-
tate antiviral response. High titres of viremia, caused by the
ADE of DENV infection, determine the frequency of DHF/
DSS progression. In addition to the involvement of extrinsic
ADE-mediated viral infection, delayed viral clearance medi-
ated through IL-10 immunosuppression may be involved in
DENYV pathogenesis. IL-10 may cause lymphocyte dys-
function through the suppression of the T cell proliferative
response to mitogens, which occurs in dengue patients dur-
ing the early stages of infection. Moreover, increased IL-10
levels have been associated with thrombocytopenia and
serum levels of AST and ALT. Elevated IL-10 levels in sera
of severe dengue patients, leads to T cell apoptosis resulting
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in reduced viral clearance and impaired antiviral response
[16, 117, 118].

It has been demonstrated that dysregulated cytokine
cascade has a vital role in the pathogenesis of DHF [119].
The key cytokines associated with the development of DHF
include the shift from Th1-type response in DF to Th2-type
cytokine response in DHF, which leads to increased levels
of IL-10 and IL-14 [7]. The key player in pathogenesis of
DHEF appears to be a unique cytokine produced by CD4+ T
cells, known as the cytotoxic factor (hCF) [120, 121]. hCF
induces macrophages to produce free radicals, nitrite and
reactive oxygen species, which directly upregulate the pro-
duction of pro-inflammatory cytokines IL-1, TNF-a, IL-8
and H,0, in macrophages, besides killing the target cells
via apoptosis. This shifts a Th1-dominant response to Th2-
biased immune response, leading to manifestations of severe
dengue disease [121].

The clearing of DENV-infected cells by activated T cells
is dependent on the avidity of the T cell receptor (TCR) for
the HLA-peptide complex. During acute secondary infec-
tion with heterologous DENV, highly cross-reactive CD8*
T cells with high avidity are preferentially activated, which
produce high levels of pro- and anti-inflammatory cytokines
such as TNF-a, IFN-Y and IL-13, but lower levels of IL-10.
However, these high avidity cross-reactive CD8" T cells die
through apoptosis, the reasons for which are not completely
clear. Alternatively, the low-avidity cross-reactive CD8" T
cells get preferentially expanded, which react differently to
heterologous epitopes than to homologous epitopes by pro-
ducing high levels of pro-inflammatory cytokines, but they
lose their cytolytic activity [30]. This results in delayed virus
clearance, which subsequently causes prolonged activation
of such cross-reactive CD8" T cells leading to increased
production of TNF-a and IL-6. This phenomenon, which
has been called ‘Original antigenic sin (OAS)’ ultimately
affects the vascular permeability and progression to severe
manifestations of DHF/DSS [30, 122].

Overall, the CD4+ T cell responses have been less well
characterized in DENYV infection. In contrast to CD8+ T
cell responses, DENV-specific CD4+ T cells epitopes are
predominantly located in structural proteins like envelope
and capsid, in addition to NS1 protein [114]. Evidence also
exists that the cytokine response of cross-reactive CD4+ T
cells might be altered by the sequential infection with dif-
ferent DENV serotypes, leading to increased levels of pro-
inflammatory cytokines that contributes to a detrimental
immune response causing severe dengue [30].

The role of immune regulatory mechanisms of the
immune system, which are CD4+ FoxP3 expressing regu-
latory T cells (T, has also been investigated by some
researchers. Regulatory T cells are known to be a double-
edged sword. A balance between Thl and Th2 is important
for the control of immune response to microorganisms. In

DENYV infection, the T, cells may suppress protective Thl
response and enhance the Th2 response leading to increase
in infection-induced immunopathology. Loss of suppressor
of cytokine signaling (SOCS3) in T helper cells results in
reduced immune responses and hyperproduction of IL-10
and TGF-f [121, 123]. The T,., cells also suppress antigen-
specific antibody production, thus preventing increased rep-
lication of virus mediated by ADE and immune complex
formation [121]. Tian Y et al., in their study analyzed that
the ratio of Ty, cells to effector T cells is significantly higher
during acute dengue infection in patients with mild disease,
but not in those with severe disease [124]. Both the Treg
cells and Th2 cells secrete IL-10 and TGF-f, causing a dis-
turbance in the fine balance of different cytokines ultimately
leading to ‘cytokine storm’ and severe dengue disease [121].
A defect in T, cells, leading to defective immune suppres-
sion, may be a contributing factor to severe clinical disease.
A high T, /effector T cell ratio was found to be seen in
milder clinical disease, suggesting that impaired functional
regulatory T cell responses may lead to severe dengue dis-
ease [125]. The proven role of Treg cells in severe dengue
disease has prompted researchers to think about manipula-
tion of this subset of T cells in future for use in patients for
treatment by enhancing/depressing their suppressor function.

Summary of few studies on various viral factors impli-
cated in pathogenesis of dengue virus infection is shown in

Table 1.
Role of Host Genetic Factors

Apart from various viral factors implicated in the patho-
genesis of DENV infection, host genetic factors also play
an important role. One of the host genetic factors which
have a role in DENV pathogenesis is of the Human Leuco-
cyte Antigen (HLA). Many HLA class-I alleles have been
observed to have an association with severe dengue in sec-
ondary infections, which suggests the importance of exist-
ing primed memory HLA Class-I restricted cross-reactive
T cells. However, HLA class-II (especially DRB1 alleles)
has been shown to exert a protective effect on DENV infec-
tion and disease severity [126, 127]. It has also been shown
that HLA-DR4 plays a protective role against DHF [127].
Moreover, TNF-a, which is located on the HLA Class-III
sub-region of Major histocompatibility complex (MHC), is
known to be upregulated in DHF [126, 128]. It was seen
that polymorphism in the promoter region of TNF-a gene,
—308A allele, is a risk factor for the development of DHF in
South American patients but not in Southeast Asian patients
[129]. There were a lot of differences observed in HLA allele
frequency, with A*0203, B*52 and DRB1*04 acting as pro-
tective factors, while B*51, DQB1*0302, and TNF-o- LTA
haplotype were observed as susceptible factors in Thai and
Mexican studies [126].
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Table 1 Summary of various factors implicated in pathogenesis of dengue virus infection

Role of NS1 antigen

Reference Year Study design Human/Animal/ in-vivo/in-vitro ~ Role in Pathogenesis

Modhiran N et al. 2015 Experimental In-vitro DENYV NS disrupts the endothelial cell
monolayer

Suresh R et al. 2016 Experimental Animal Positive correlation between DENV NS1

levels and C5b-C9 complex formation

Paranavitane SA etal. 2014 Prospective Human DENYV NSI antigen persists for longer dura-
tion in patients of vascular leakage

Chen HR et al. 2016 Experimental Animal NS1-induced MIF secretion and autophagy
may contribute to vascular leakage in
severe dengue

Cruz-Hernandez et al. 2013 Transverse retrospective Human Higher NS1 levels in patients suffering from
DHF in DENV-1

Anti-NS1 antibodies and Autoimmunity

Lin CF et al. 2005 Experimental Animal, Human DENV NSI antibodies stimulate the release
of multiple inflammatory factors

Sun DS et al. 2007 Experimental Human, Animal Induce cellular damage by complement-
mediated lysis

DENY genome variation

Vasilakis N et al. 2007 Experimental Animal, Human in-vitro & in-vivo Genotype-specific virulence

Ritchie SA et al. 2013 Epidemiological Human Intra-epidemic increase in virulence

Chen HL et al. 2008 Analytical Human

Duyen HT et al. 2011 Cohort Human Consistently higher DENV-1 viremia levels

in primary infection
Higher viremia levels of DENV-2 and
DENV-3 in secondary infections.

Fox A et al. 2011 Cohort Human Significantly lower viremia in DENV-2 than
that of DENV-1 on fifth day of illness

Manokaran G et al. 2015 Experimental In-vitro Suppression of host antiviral immune

Moon SL et al. 2012 Experimental In-vitro responses by sfRNA

Role of Antibody-Dependent Enhancement

Goncalvez Ap et al. 2007 Experimental Animal Viral replication rate enhanced in passively
immunized rhesus monkeys

Guzman MG et al. 2007 Retrospective Human ADE demonstrated during Cuban outbreaks
in study groups

Katzelnick LCetal. 2017 Cohort Human Observed peak enhancement titer

Sridhar S et al. 2018 Cohort Human ADE observed in naive individuals vac-
cinated with CTD-TDV vaccine

Ubol S et al. 2010 Prospective and experimental Human in-vivo and in-vitro Inhibits antiviral genes and enhancing the
production of IL-10.

Brown MG et al. 2011 Experimental In-vitro Causative role of vascular endothelial cell
dysfunction and increased vascular perme-
ability

Role of Cross-reactive T cells

Simmons CP et al. 2015 Review article - Antigen activated T cells more abundant in
patients with severe dengue

Martina BEE et al. 2009 Review article - Activated CD8+ and CD4+ cells second-

ary DENV infection inefficient at killing
infected cells

Malavige G et al. 2011 Review article - High T,. /effector T cell ratio associated

regs
with milder clinical disease

Apart from HLA genes having a role in host genetic sus-  II (FcyRII, CD32), Vitamin D receptor (VDR), Human
ceptibility to DF and DHF, genetic polymorphisms in several ~ Platelet Antigen (HPA), Transporter associated with Anti-
non-HLA genes also play a role, which include Fcy receptor ~ gen Processing (TAP), and few cytokine polymorphisms.
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Homozygotes for arginine variant at position 131 of the
FcyRII gene were seen to be protective against DSS in a
Vietnamese population [130]. VDR polymorphism analysis
by Loke H et al., demonstrated that the C allele at position
352 was resistant to DSS [131]. In an Indian study done
by Soundravally R et al. on the role of TAP and HPA gene
polymorphisms in DHF and DSS, it was demonstrated that
heterozygous pattern at the TAP1 333 locus and HPAla/la
and HPA2a/2b genotypes confer susceptibility to DHF and
the HPA1a/1b genotype was determined to be a genetic risk
factor for DSS [132].

IL-10 (—1082/-819/-592) ACC/ATA haplotype was
shown to be significantly associated with the development
of DHF in a study carried out by Perez AB et al., in Cuban
population [129].

In a study done by Chen et al. in Taiwan, it was demon-
strated that the risk of DHF is twice in individuals carrying
TGFP1-509 CC genotype. The risk further increased if the
individual also had CTLA-4 +49 G allele [126].

With these findings, it can be conclusively said that the
associations between host genetics, DENV infection and
clinical outcome are complex, and require further explora-
tion and in-depth studies.

Recent Insights into Dengue Pathogenesis
and Biomarkers

Identification of markers for disease severity or increase
risk of progression to more severe forms of the disease is a
major interest in dengue research. Most of the studies have
been done on immunological biomarkers of severe dengue
infections, which include IL-7, IL-8, IL-10, TGF-p, TNF-a,
IFEN-Y', etc. The elevated levels of cytokines in severe den-
gue make them an excellent predictor of severity of dengue
infection. Studies have shown that cytokine rise at presen-
tation may indicate whether a patient is likely to develop
severe dengue or not [133, 134]. NS1-mediated cytokine
release can be inhibited by TLR4-antagonist LPS-Rhodo-
bacter sphaeroides, a gram-negative facultative photosyn-
thetic bacterium which can lead to targeted therapy in future
[22]. Another study has shown interest in the use of serum
chymase levels as a predictive biomarker of DHF. The study
revealed that acute dengue infection patients who have high
levels of serum chymase consistently are at a greater risk of
severe disease [135]. Research on the utilization of micro-
particles (MPs) as predictive markers for severe dengue
infections has also revealed promising results. There is evi-
dence of a significant role of MPs in dengue pathogenesis.
Decreased platelet-derived MPs were associated with bleed-
ing tendency, whereas increased levels of red blood cell-
derived MPs (RMPs) correlated with more severe disease. It
has been seen that increased levels of red blood cell-derived
MPs (RMPs) directly correlated with severe dengue [136].

MicroRNAs (miRNA) are endogenous non-coding single-
stranded RNA molecules made of approximately 22 nucleo-
tides and play a vital role in gene regulation of organism, as
their abnormal expression is related with the occurrence and
developments of diseases [137]. In a study done by Ouyang
X et al., it was demonstrated that 53 aberrantly expressed
miRNA were detected in sera of DENV-infected patients,
which indicates that these patients show a broad profile of
serum miRNA dysfunction. miRNA PCR array assays have
revealed differential expression of few upregulated and few
downregulated miRNAs in sera levels in dengue patients.
The miRNAs which were identified as promising serum
indicators for dengue infection are serum hsa-miR-21-5p,
hsa-miR-146a-5p, hsa-miR-590-5p, hsa-miR-188-5p, and
hsa-miR-152-3p.

DENV infection induces the expression of miR-146a in
primary monocytes in vitro, which plays an important role
in regulating innate immune, inflammatory response, and
virus infection. MiR-21 plays a vital role in the resolution of
inflammation and negative regulation of pro-inflammatory
response. MiR-188 and miR-152 are apparently associated
with the inhibition of cell proliferation and invasion, whereas
miR-21 and miR-590 may promote cell proliferation [137,
138]. In silico analyses have revealed that DENV can hijack
a host cell’s machinery and evade antiviral immune response
by miRNA mechanisms [137, 139]. However, the roles of
these dysfunctions of serum miRNA in the pathological pro-
cess of DENV infection need to be defined in vivo.

Moreover, miRNAs have been observed to play major role
in the regulation of physiological and pathological states.
The secreted miRNAs can mediate cell-to-cell communica-
tions. The involvement of miRNAs in inflammation and cell
proliferation has been shown to be significant. The miRNAs
which have been identified to have a potential role as non-
invasive molecular markers for detecting DENV infection
include hsa-miR-21, has-miR-146a-5p, hsa-miR-590-5p,
hsa-miR-188-5p, and hsa-miR-152-3p [137]. However, no
conclusive biological functions in pathological process of
dengue infection could be attributed to these miRNAs. In
view of this, further research is needed to arrive at a conclu-
sion of use of these biomarkers as early predictors of dengue
disease severity and give us more insight into their role in
pathogenesis of dengue virus infection and severe dengue.

Conclusion

The exact mechanisms responsible for severe manifestations
of dengue virus disease are not yet fully elucidated and are
likely to be multifactorial. DENV infection can have diverse
presentations in different hosts, which cannot be explained
by a single hypothesis alone. The recent results of the
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efficacy and safety trials of the CYD-TDV tetravalent dengue
vaccine have reminded the research community that there is
still a lot to learn with regard to understanding the patho-
genesis and expression of protective immunity to DENV.

The emerging picture is that multiple factors including
prior immunity, viral load, NS1, anti-NS1 antibodies, infect-
ing serotype, and genotype may contribute to the severity of
dengue infection, but the nature of these interactions remains
unclear and substantial gaps still exist in the comprehen-
sive understanding of the pathogenesis of dengue virus
infections.

The complete understanding of the pathogenesis of den-
gue virus infection is an ever-evolving field of research. An
insight into various unexplored or less explored areas in this
field will help in developing antivirals and effective vaccine
for dengue. There are a lot of promising areas in this field
which could be progressed like animal experimentation,
examining the direct effect of dengue virus NS1 antigen on
capillary permeability and also the association of NS1 levels
with disease severity. This will help us to understand the
role of NS1 antigen and its association with disease sever-
ity. It will also help us understand that whether NS1 level
estimation early in the course of disease can be used as a
biomarker for predicting severe dengue disease. Moreover,
further research needs to be done on the role of miRNAs and
its biological role in causing the pathological manifestations
of dengue virus infection.
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